Crystalline powders self-assembled from interactive discrete molecules reversibly transformed from a porous structure to a 2D one with a nanometer-thick H 2 O layer by hydration/dehydration. Multi-point weak intermolecular interactions contributed to maintenance of each phase. This structure transformation induced a humidity-dependent ion conductivity change from insulator to 3.4 Â 10 À3 S cm
Formation of a nanometer-thick water layer at high humidity on a dynamic crystalline material composed of multi-interactive molecules † Crystalline powders self-assembled from interactive discrete molecules reversibly transformed from a porous structure to a 2D one with a nanometer-thick H 2 O layer by hydration/dehydration. Multi-point weak intermolecular interactions contributed to maintenance of each phase. This structure transformation induced a humidity-dependent ion conductivity change from insulator to 3.4 Â 10 À3 S cm
À1
.
Intermolecular interactions participate in emerging functions in functional materials 1 and biological systems. 2 Especially, multiinteractive interactions contribute to stabilizing key meta-stable intermediates in biological processes, because the multiple interactions can deepen the local minimum potential well to trap kinetic states. 3 Therefore, we aimed to implement multi-interactivity into a ligand to achieve kinetically self-assembled networks. 4 We designed a multi-interactive ligand, tri(4-pyridyl)hexaazaphenalene anion (TPHAP À ), and succeeded in trapping meta-stable coordination networks. 5 In the process, we unexpectedly prepared crystalline self-assembled materials composed of K + TPHAP À under highly hydrated conditions. Here we report a 1.2 nm-thick H 2 O layer formed of discrete molecules, and the dynamic structure change revealed by X-ray powder diffraction (XRPD) analysis.
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The ion conductivity s of the hydrated material changed from insulator to 3.4 Â 10 À3 S cm À1 depending on the amount of intercalated H 2 O.
The TPHAP anion has a D 3h symmetrical aromatic plane 7 (Scheme 1) that can form p-p stacking interaction, and nine nitrogen atoms that can form hydrogen bonds, coordination bonds, or both. 5 Such multi-interactivity of TPHAP enabled the selective trapping of a kinetic network followed by surfacemediated dynamic structure transformation. 5a We also prepared various coordination networks composed of Zn 2+ ions and TPHAP anions from the same crystallization set up by changing only solvents or additives because of the multi-interactivity of TPHAP. (Fig. 1) . The XRPD pattern of 2 showed a drastic and irreversible change from initial K + TPHAP À single crystalline powder 1 while maintaining a surprisingly high crystallinity. We also identified how the structure changed during drying. We gradually dried fullyhydrated powder 2 by keeping it at 20% RH and 20 1C for 20 s, then quickly measured its XRPD pattern in an airtight cell to avoid further drying during the measurement. This quick drying operation was repeated three times. After the first 20 s, the XRPD pattern was almost intact; the next 20 s of drying induced drastic changes in the XRPD pattern, and a further 20 s of drying (total 1 min) produced a new phase close to the final state, i.e., 1 day dried powder 3 ( Fig. S2 , ESI †). Notably, the sharp powder pattern of 2 was recovered by rehydration of 3. This hydration/dehydration process between 2 and 3 was reversible.
To reveal the reversible structure transformation observed during the hydration/dehydration process, we performed XRPD structure analyses of fully-hydrated powder 2, 1 min dried powder, and 1 day dried powder 3. The structures were determined by the simulated annealing method in DASH, 8 followed
by Rietveld refinement using RIETAN-FP 9 to refine the position of each atom with soft bond-angle restraints for a TPHAP À group. As a result, we revealed that 1.2 nm H 2 O layers form in the fully-hydrated 2 (Scheme 1) and that 1D H 2 O channels form in 3 by dehydration. Powder structure analysis of 1 min dried powder revealed a severely disordered structure which was an intermediate state before reaching the state of 1 day dried 3 ( The powder analysis of 2 revealed four equally possible models that have monoclinic P2/n systems that show good agreement between the calculated and experimental XRPD patterns in the final Rietveld refinement (Fig. S3 , ESI †). Among them, one (Fig. 2b) showed the best agreement with the experimental data ( Fig. 2a and b) . (Fig. 2d ).
This electrically neutral arrangement contributes to stabilization of the 2D layered stacking structure. The structural effect of dehydration on the 2D layered structure was also revealed by the XRPD analysis of 1 day dried powder 3 which showed the formation of a porous structure having a monoclinic P2/a system with excellent agreement between the calculated and experimental XRPD patterns in the final Rietveld refinement (Fig. 3) . In the crystal structure, the ordered TPHAP À s also maintain dimer-like structures connected by K + ions and interact with each other by p-p stacking to form a 2D layer (Fig. 3b and c) . The 2D layers stack with the shortest distance (Fig. 3d) , followed by formation of 1D channels along the c axis with a size of ca. 12 Å Â 16 Å (Fig. 3e) as a result of the structural transformation from a 2D-layered structure to a 1D-porous structure. This reduction is also suggested by humidity-dependent IR spectra (Fig. S5, ESI †) . As the amount of absorbed H 2 O decreased, the peaks at B1500-1600 cm À1 attributable to the CQN and CQC stretching modes of pyridine and the central skeleton of TPHAP À showed clear red shifts: B10 cm À1 from the fully-hydrated powder 2 to single crystal 1; 4-5 cm À1 from 2 to 1 day dried powder 3. These peak shifts can be explained by enhancement of Coulombic interaction between K + and the anionic HAP skeleton and by hydrogen bond formation between TPHAP À and H 2 O. 13 This discussion indicates that this dynamic structure transformation can make a significant contribution to the ion conductivity of K + TPHAP À because the conductivity value has a strong relationship with charge carrier mobility. 14 Therefore, we finally performed humidity-dependent ion conductivity measurement and tried to interpret the relationship between the structure and the conduction property. The ion conductivity of K + TPHAP À single crystalline powder 1 was significantly correlated with the outer humidity. We measured the ion conductivity of a compressed pellet of 1 (f 13 mm, thickness B0.2 mm) by ac impedance spectroscopy under various conditions of humidity and temperature (ESI †). The conductivity drastically changed from insulator at 20% RH to 3.4 Â 10 À3 S cm À1 at 95% RH (25 1C, Fig. 4) . Although a large amount of H 2 O adsorption in the highly conductive state was observed (Table S1 , ESI †), the pellet of 1 remained soft and solid after conductivity measurement (Fig. S6 , ESI †). We unambiguously confirmed that the highly-conductive state corresponds to 2 having a 2D layered structure by XRPD measurement of the pellet sample (Fig. S7 , ESI †). In contrast, drying of the fully-hydrated pellet even for several seconds reduced its conductivity value significantly. This phenomenon reminded us of the quick structural transformation of 2 to the dried state 3. We confirmed by XRPD analysis that the dried pellet corresponds to 3 which possesses a porous structure (Fig. S6, ESI † Notes and references
